The geomagnetic storm of March 17-18, 2015 was caused by the impacts of a coronal mass ejection and a high-speed plasma stream from a coronal hole. The high-latitude ionosphere dynamics is studied using arrays of ground-based instruments including GPS receivers, HF radars, ionosondes, riometers and magnetometers. The phase scintillation index is computed for signals sampled at a rate of up to 100 Hz by specialized GPS scintillation receivers supplemented by the phase scintillation proxy index obtained from geodetic-quality GPS data sampled at 1 Hz. In the context of solar wind coupling to the magnetosphere-ionosphere system, it is shown that GPS phase scintillation is primarily enhanced in the cusp, the tongue of ionization that is broken into patches drawn into the polar cap from the dayside stormenhanced plasma density, and in the auroral oval. In this paper we examine the relation between the scintillation and auroral electrojet currents observed by arrays of ground-based magnetometers as well as energetic particle precipitation observed by the DMSP satellites.
Introduction
Ionospheric irregularities cause rapid fluctuations of radio wave amplitude and phase called scintillation that can degrade GPS positional accuracy and affect the performance of radio communication and navigation systems [Skone and de Jong,2000; Aquino et al., 2007; Kintner et al., 2007; Jacobsen and Dähnn, 2014; Jacobsen and Andalsvik, 2015] . The total electron content (TEC) as observed by GPS becomes particularly disturbed during geomagnetic storms caused by the impacts of interplanetary coronal mass ejections (ICMEs) compounded by high-speed plasma streams from coronal holes. In the context of solar wind coupling to the magnetosphere-ionosphere system, it has been shown that GPS phase scintillation is primarily enhanced in the cusp, where a tongue of ionization (TOI) is broken into patches and is drawn into the polar cap from the dayside storm-enhanced plasma density (SED) [Aaron, 1997; Aaron et al., 2000; Basu et al., 1987 Basu et al., , 1995 Basu et al., , 1998 Spogli et al., 2009; Li et al., 2010; Prikryl et al., 2011a Prikryl et al., , 2011b Prikryl et al., , 2014 Prikryl et al., , 2015a Moen et al., 2013; Sreeja and Aquino, 2014; van der Meeren et al., 2014; Jin et al., 2015; Oksavik et al., 2015] . In the auroral oval, GPS scintillation has been observed during energetic particle precipitation events, substorms and pseudo-breakups [Skone et al., 2008; Kinrade et al., 2013; Prikryl et al., 2013a Prikryl et al., , 2013b and correlated with ground magnetic field perturbations [Skone and Cannon, 1999; Prikryl et al., 2011a; Ghoddousi-Fard et al., 2015] . The present paper focuses on the GPS phase scintillation in relation to the auroral electrojets as observed in the North American and North European sectors during this geomagnetic storm.
Instruments and techniques
In the Canadian Arctic, the GPS phase and amplitude scintillation is monitored by the
Canadian High Arctic Ionospheric Network (CHAIN) consisting of GPS Ionospheric
Scintillation and TEC Monitors (GISTMs) that are configured to record the power and phase of the L1 signal at a 50-Hz sampling rate. The original CHAIN (Jayachandran et al., 2009) consisted of NovAtel GSV4004B receivers that are capable of tracking up to 10 GPS signals at the L1 frequency (1575.42 MHz) and the L2 frequency (1227.6 MHz). Starting in 2014, CHAIN has been expanded by adding new stations equipped with Septentrio PolaRxS multi-GNSS receivers capable of tracking up to 30 satellites including GPS, GLONASS and Galileo.
In the European sector, the Norwegian Mapping Authority (NMA) operates 10 GISTMs and a dense nationwide network of about 185 1-Hz geodetic receivers. In the Svalbard region, the Birkeland Centre for Space Science operates four NovAtel GPStation-6 multi-GNSS receivers at Ny-Ålesund, Longyearbyen, Hopen, and Bjørnøya van der Meeren et al., 2015] . The receivers track signals from GPS (L1/L2/L2C/L5), GLONASS (L1/L2), and Galileo (E1/E5a/E5b/Alt-BOC). Scintillation indices σ Φ and S4, based on standard deviation of phase and amplitude over 60 s intervals, are output from the receiver.
Only GPS/L1/L2) signals are used in the present paper. The receivers also provide the TEC and rate of TEC Index (ROTI) (not used in this study). Raw data of the amplitude and phase are available at a 50-Hz resolution. Additional GSV4004B and Septentrio PolaRxS receivers are operated in Norway, Cyprus and in the UK by the Nottingham Geospatial Institute (NGI) of the University of Nottingham.
At the Canadian Geodetic Survey of Natural Resources Canada about 150 globally distributed 1-Hz GPS stations (mostly those of the RT-IGS network with additional stations over Canadian region) are used in near-real-time to derive, among other statistics and products [Ghoddousi-Fard et al., 2011, Ghoddousi-Fard and Lahaye, 2016] , L1-L2 interfrequency phase rate variations by means of mapped-to-zenith standard deviation of delta phase rate (sDPR) over 30 sec. For further details we refer the reader to Ghoddousi-Fard et al. [2013] . The Technical University of Denmark, National Space Institute (DTU Space) contributed high-rate GPS receivers of the Greenland GPS Network (GNET). GNET consists of 62 GPS stations (11 of these sample at 1 Hz) that are distributed around the Greenland inland ice. GPS receivers sampling at a 1-Hz rate complement the GISTMs by providing the sDPR proxy scintillation index.
The Super Dual Auroral Radar Network (SuperDARN) [Greenwald et al., 1995 , Chisham et al., 2007 is used to map ionospheric convection in the northern hemisphere. The TEC data downloaded from Madrigal, an upper atmospheric science database at Haystack Observatory (http://madrigal.haystack.mit.edu/madrigal/), are used to make GPS TEC maps [Thomas et al., 2013] that are also available online (http://vt.superdarn.org).
Equivalent ionospheric currents (EICs) are obtained from ground magnetometer data using the spherical elementary currents systems (SECS) technique developed by Amm and Viljanen [1999] that has been applied over the entire North American ground magnetometer network by Weygand et al. [2011] . The SECS technique defines elementary divergence-free and curlfree current systems. The divergence-free system with currents that flow entirely within the ionosphere causes a magnetic field on the ground. The curl-free system whose divergences represent the currents normal to the ionosphere produces no field below the ionosphere [Landau et al., 2015] . For this study the SEC method calculates the divergence-free currents and from those the spherical elementary current amplitudes are obtained. The SECS method also makes it possible to roughly estimate field-aligned currents under the assumption of no conductance gradients perpendicular to the ionospheric electric field [Weygand et al., 2016] .
While the EICs/SECS maps were inferred at the minimum resolution of the magnetometer database (10 s), in this paper we use data decimated to 60 s. Figure 1 shows the various GNSS receivers as well as the arrays of magnetometers including those operated by the Natural Resources Canada, the Canadian Array for Realtime Investigations of Magnetic Activity (CARISMA) [Mann et al., 2008] of the Canadian GeoSpace Monitoring (CGSM) program (Liu, 2005) [Paxton et al. 2002; Zhang and Paxton 2008] .
The ground-based all-sky imager (ASI) stations support the NASA Time History of Events and Macroscale Interactions during Substorms (THEMIS) project [Mende et al., 2008] . Figure 1 shows field-of-views of four ASIs.
Geomagnetic storm of March 17-18, 2015
3.1. Solar wind and geomagnetic conditions An interplanetary coronal mass ejection (ICME) ahead of a high-speed plasma stream from a coronal hole led to a geo-effective configuration in the solar wind [Kataoka et al., 2015] that resulted in a severe geomagnetic storm on March 17-18, 2015. In agreement with the conclusions by Kamide and Kusano [2015] , Kataoka et al. [2015] pointed out that the storm involved a two-step development, the first driven by the southward IMF in the compressed sheath region, and the second driven by the southward IMF in the magnetic cloud. During 
Ionospheric irregularities at high latitudes
The ROTI measured by more than 2500 GNSS receivers [Cherniak et al., 2015] revealed considerable dynamics of ionospheric irregularities on a global scale. Significant increases in the intensity of irregularities in the polar cap of both hemispheres were associated with the formation and evolution of SED/TOI and polar patches. In the northern hemisphere, a band of intense auroral ionospheric irregularities that expanded equatorward beyond ~45°N of geographic latitude was associated with processes related to enhanced auroral particle precipitation [Cherniak et al., 2015] . Jacobsen and Andalsvik [2016] studied the irregularities in the TEC in relation to the auroral electrojet currents during the geomagnetic storm of March 17-18, 2015. They showed that the most intense disturbances of GNSS signals characterized by ROTI occurred on the poleward side of poleward-moving current regions over North Europe.
The hourly occurrences of phase scintillation with σ Φ > 0.1 radians that are shown in Figure   2g for CHAIN stations at Eureka (EURC), Cambridge Bay (CBBC) and Sanikiluaq (SANC) approximately represent the central polar cap, cusp and auroral zone, respectively.
Scintillation is often observed in in CBBC even during geomagnetically less disturbed conditions, either in the cusp or in a contracted auroral oval. The onset of GPS phase scintillation in the expanded auroral oval followed the southward turning of the IMF about 2 hours after the IP shock (shown in dotted vertical line) that was associated with a strong northward IMF. Several hours later, after 12:00 UT, under the influence of the magnetic cloud that was characterized by a decrease in proton temperature ( Figure 2f ) and strong southward IMF, the GPS scintillation occurrence increased in the auroral zone, cusp and the central polar cap.
Figures 3a and 3b show the occurrence of phase scintillation above comparable thresholds [Prikryl et al., 2013a] Boundaries of the Feldstein statistical auroral oval [Holtzworth and Meng, 1975] for quiet and disturbed conditions are shown in Figures 3a and 3b , respectively. In Figure 3a , the data for all available GISTMs combined with 1-Hz GPS receivers from 04:00 UT on March 16 to 03:59 UT on March 17 are used to show 24 h in MLT before the storm, when the IMF was pointing northward. As a result, scintillation was confined within the polar cap and small auroral oval. In Figure 3b , the scintillation data from 04:00 UT on March 17 to 03:59 UT on
March 18 are used to show 24 h in MLT. During the storm, scintillation occurrence was strongly enhanced on the dayside in the cusp and SED region, a source of TOI plasma fragmented into patches that were drawn into the polar cap. The IMF B y was initially dawnward (negative) for several hours before it switched to duskward at ~11:00 UT. As a result, TOI entry was initially through the cusp in the pre-noon sector, from where a duskward and antisunward convection pulled a fragmented TOI into the polar cap. respectively. The boundary between the region-1 and region-2 currents helps to identify the approximate location of the particle precipitation region [Weygand et al., 2016; and references therein].
IPPs of strong GPS phase scintillation are largely collocated with the westward electrojet currents but are also near the reversal boundary to eastward EICs (Figure 7a) . A height of 110 km is assumed for IPPs (see, discussion in Section 4) with GPS scintillation that are superposed on currents in Figures 7 and 8 . In relation to SECS J z , there is a tendency of strong scintillation to map to upward or downward J z , or near the reversal boundaries between downward and upward J z , as would be expected for scintillation being caused by ionization due to precipitating electrons. A similar relation to currents can be seen in Figure 8 at a later UT of 13:25. The strongest scintillation is collocated with an intense westward electrojet or its poleward border but also with the eastward electrojet at the eastern edge of the array (over Greenland) (Figure 8a ). In terms of the vertical currents, the IPPs with strong scintillation are closely collocated with both upward and downward J z (Figure 8b ). At this time, the DMSP F17 satellite pass with the auroral imager SSUSI observed UV (LBH bands of N2) aurora that is mapped as a function of AACGM latitude and MLT in Figure 9 . The scintillation IPPs are superposed for the time interval of 13:25-13:30 UT also shown in Figure 8 . The strong scintillation is mostly collocated with, or near the edge of, the auroral emissions that were scanned approximately during the same time interval. Figure 10a shows the GPS phase scintillation occurrence as a function of AAGCM latitude and UT for GPS receiver stations located between 260° and 300° geographic longitude overlaid with contours of J y current. The J y current shown in Figure 10b is an average over the longitude sector between 267° and 295° with EICs transformed to geomagnetic coordinates using the magnetic declination at each grid cell. To conform to the 15-min grid span used for the scintillation occurrence map, the west-to-east J y current component is averaged over 15 min (mean of 15 values using the 10-s EICs data decimated to one value per minute). In the auroral zone, the highest occurrence of GPS phase scintillation is generally collocated with strong EICs particularly the poleward part of the westward electrojet or near the edge of the eastward electrojet regions. subauroral ionospheric scatter. Because the IMF was northward during this period (Fig. 2c) , the auroral oval and convection zone contracted. It was only after 06:00 UT when the IMF turned sharply southward that the auroral oval and the dawn convection cell came into the radar field-of-view. The initially toward-the-radar LoS flow (coded blue) that was observed in the midnight sector gradually reversed to away LoS flow (coded red) in the post-midnight and dawn sectors. However, there was a temporary cessation of organized large-scale flow and an onset of strong pulsations due to ULF waves after ~10:30 UT. At this time, THEMIS ASIs in the auroral zone across Canada (Figure 11 ) observed pulsating aurora, which is known to be caused by energetic particle precipitation. Figure 11c shows snapshots of pulsating aurora observed by ASIs in White horse, Fort Smith, Athabasca and Pinawa. The ASI data from Pinawa are processed into a keogram with two periods of pulsating aurora approximately indicated by circles (Figure 11b ). The lack of GPS scintillation during these periods suggests that pulsating auroras do not produce kilometer size irregularities and steep electron density gradients. However, to exclude the possibility of scintillation caused by smaller sizes would require higher sampling rate data. Figure 12a shows the GPS phase scintillation occurrence for GPS receiver stations located between 350 and 30°E geographic longitude overlaid with contours of EIC J y current inverted from the IMAGE magnetometer data from the North European sector. Similarly to the North American sector (Figure 10 ), the scintillation is observed along the poleward border of the eastward electrojet and collocated with the regions of westward electrojet. A couple of DMSP passes show energetic electron flux enhancements, one collocated with the westward electrojet, and the second at the poleward edge of the eastward electrojet. In both cases the scintillation was also observed in those regions.
Discussion and Summary
The solar wind coupling to the magnetosphere−ionosphere system results in a highly structured and dynamic high-latitude ionosphere causing GPS scintillation. On March 16, the day prior to the storm, the GPS scintillation that was largely confined to the polar cap was caused by sun-aligned polar cap arcs that are a consequence of northward IMF (Figure 2c ) [Prikryl et al., 2015a] . In contrast, during the storm when the B z was southward, scintillation occurrence was strongly enhanced in the cusp and SED regions. In the polar cap, the scintillation was caused by TOI fragmented into patches. Because the IMF B y controls the dawn−dusk asymmetry of ionospheric convection, the scintillation occurrence band associated with TOI spans the polar cap from the post-noon to post-midnight sector for IMF B y < 0 and from the post-midnight to post-noon sector for IMF B y > 0 [Prikryl et al., 2015c] .
The scintillation occurrence on the dayside and in the polar cap, as shown in Figure 3b , was a superposition of the two states that were discussed in details for two storms by the latter authors. The IMF B y was initially dawnward (< 0) for several hours before it switched to duskward (> 0) at ~11:00 UT and thus TOI/patches entry switched from initially pre-noon It is common to approximate the ionosphere as a relatively thin phase-changing shell at 350 km altitude to map the scintillation IPPs and this is quite appropriate with polar cap patches.
However, the altitude of GPS scintillation-generating irregularities is often difficult to determine. It is expected that scintillation is caused by F-region irregularities at low latitudes where the processes of irregularity generation differ from those at high latitudes. At low latitudes, particularly near the equatorial ionization anomaly, the scintillation-causing irregularities with scale sizes of a few hundreds of meters are generated by large F-region structures (plasma bubbles) and form after sunset [Sreeja et al., 2011; de Paula et al., 2015] .
In contrast, at high latitudes, scintillation-causing irregularities can be produced by a variety of auroral and polar cap phenomena, including cusp dynamics, auroral particle precipitation, auroral blobs and polar cap patches [Moen et al., 2013; van der Meeren et al., 2014; 2015; Oksavik et al., 2015] that produce scintillation-causing irregularities at different altitudes. For example, in the case of particle precipitation with different energy causing emissions 557.7
and 630.0 nm, the GPS IPPs have been projected to 150 and 250 km altitudes on the mapped green 557.7-nm and red 630.0-nm emissions, respectively [van der Meeren et al., 2014; 2015] . Other studies used slightly different altitudes.
In the brief survey of scintillation-causing irregularities in the context of ionospheric signatures of solar wind coupling (Figures 3 to 6) we assumed an IPP height of 350 km. This may be appropriate for density patches in the polar cap, the cusp and the density gradients at the poleward edge of SED region. However, in the auroral oval, scintillation is found collocated with energetic particle precipitation causing bright auroras that maximizes at much lower altitudes. In Section 3.3 (Figures 7 to 12) , we examine the relation between the scintillation occurrence and the ionospheric currents (auroral electrojets and field-aligned currents) as well as auroral precipitation and thus we assume IPPs at 110 km. It has been shown that ionospheric irregularities produced by auroral electrojet electric field peak around this altitude [Pfaff et al., 1984; Kelly, 1989] The maps of EICs (Figures 7a and 8a) show that GPS phase scintillation is collocated with the westward electrojet currents with the strongest scintillation mapping to the poleward side of strong westward EICs. In relation to vertical current amplitudes (Figures 7b and 8b ) strong scintillation maps to vertical upward or downward J z currents, or near the reversal boundaries between downward and upward J z . As it would be expected, these are the regions where strong aurora caused by energetic particle precipitation occurs. For the same time interval, scintillation is found to be collocated with UV aurora observed by DMSP satellites ( Figure   9 ).
Focusing on two 40°-longitude sectors with the best coverage by GPS receivers centered about 280°E and 10° longitudes 15-min averaged EICs and phase scintillation occurrence maps are compared in Figures 10 and 12 . It is found that scintillation occurrence in the auroral zone is collocated with the westward electrojet currents, particularly on the poleward side, and with the poleward edge of the eastward electrojet current region. In addition, it is noted that, in general, the energetic electron fluxes observed by DMSP satellites are elevated near the poleward edges of the westward or eastward electrojets, where scintillation occurrence is also elevated. The exception is a one hour interval between 11:00 and 12:00 UT when no scintillation and very weak EICs (< 200 mA/m) were present, yet large fluxes of energetic particles were observed. It is found that during this interval strong pulsating auroras were observed by THEMIS ground-based all-sky imagers and ULF waves were observed by mid-latitude SuperDARN radars.
In summary, GPS scintillation regions at high latitudes, namely, storm enhanced density, cusp, polar cap with either polar patches or sun-aligned arcs, auroral oval and subauroral polarization streams are largely determined by coupling between the solar wind and magnetosphere. In relation to auroral electrojet currents, scintillation maps to strong EICs, particularly to the poleward side of the westward electrojet and to the poleward edge of the eastward electrojet current region. Scintillation was collocated with energetic electron precipitation regions and aurora observed by DMSP satellites with the exception of a period of pulsating aurora and ULF waves, when large fluxes of energetic particles but very weak EICs were observed. 
